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AN ANALYTICAL STUDY AND WIND-TUNNEL TESTS OF AN 

AEROMECHANICAL GUST-ALLEVIATION SYSTEM 

FOR A LIGHT AIRPLANE 

Er i c  C. Stewart 

Langley Research Center 


SUMMARY 


An aeromechanical gust-alleviation system to reduce the normal acceleration of 
light airplanes in turbulent air has been proposed. The proposed system uses  auxiliary 
aerodynamic surfaces to  drive the trailing-edge flaps and keep the lift constant. This  
report  gives the resu l t s  of an  analytical study of the system using stability derivatives 
determined in static wind-tunnel tes t s  on a 1/6-scale model of a popular high-wing light 
airplane equipped with the gust-alleviation system. The resul ts  of the wind-tunnel tests,  
including static measurements of the effects of the alleviation system and hinge moments 
produced by the auxiliary surfaces, are presented. The analysis concentrates on the 
longitudinal short  -period mode dynamics of the system and includes root loci, airplane 
frequency response to vertical  gusts, power spectra  of the airplane response in a 
von Karman gust spectrum, time-history responses to vertical  gusts, and handling char
acterist ics.  Also included is a short  analysis of unsteady lift effects. The uncertainty 
in the analytical resul ts  due to experimental e r r o r  in the parameters  determined in the 
wind-tunnel tes t s  is determined. The system reduces the airplane's normal acceleration 
response to vertical gusts while simultaneously increasing the pitching response and 
reducing the damping of the longitudinal short  -period mode. The normal acceleration 
response can be minimized by using the proper amount of static alleviation and a fast 
response system with a moderate amount of damping. The addition of a flap-elevator 
interconnect o r  a pitch rate damper system further increases  the alleviation while reduc
ing the simultaneous increase in pitching response. The alleviation system provides 
direct  lift control and may reduce the stick-fixed longitudinal static stability. 

INTRODUCTION 

The r ide of a light airplane is often rough in  windy weather due to the airplane's 
excessive responsiveness to turbulence. The normal acceleration responses are espe
cially large because of the low wing loadings of light airplanes. One possible solution 



for  this problem would be to  use wings which have a higher loading at cruise  as suggested 
in reference 1. However, the wing loading would have to  be increased by at least the 
same amount as the desired decrease in average normal acceleration, and full-span flaps 
would be required t o  maintain the low landing speeds characterist ic of light airplanes. 
Another method which theoretically can decrease the vertical  gust response to zero  
(ref. 2) is to drive control surfaces on the wing (for example, flaps) as a function of the 
gusts to negate the changes in lift on the wing. Such a system requires  a gust sensor,  
powered actuators, and possibly a feedback control system. The actuators not only have 
to  be powerful enough to  overcome the hinge moments of the control surfaces, but a lso 
fast enough to  follow the rapidly changing gusts. Alternatively, an aeromechanical gust-
alleviation system was developed and successfully tested some years  ago. (See ref. 3.) 
That system used modified horizontal-tail surfaces  to drive the flaps mechanically and 
thus used the energy in the gusts themselves as the power source. Recently, a variation 
of this approach has been proposed for light airplanes. This variation uses  two auxiliary 
aerodynamic surfaces mounted on either side of the fuselage to drive the flaps. Thus, 
the system does not require modification to  the horizontal-tail surfaces while retaining 
the fundamental advantages of simplicity and easy maintenance. 

An analysis of the proposed system on a popular high-wing light airplane has been 
performed in reference 4. That analysis used stability derivatives determined by methods 
described in reference 5 and devoted much effort to the phugoid response. The system 
was also described briefly and preliminary resu l t s  were presented in reference 6. The 
present analysis, while ignoring the phugoid response, uses  stability derivatives deter -
mined from static wind-tunnel tes t s  and studies several  other areas in greater  detail. 
The static wind-tunnel tes t s  were conducted on a 1/6-scale model of the subject light air
plane equipped with the proposed alleviation system. 

Tests  were conducted to (1) determine the parameters  necessary for  the analytical 
study, (2) demonstrate the static effectiveness of the system in maintaining constant lift 
as the angle of attack changed, and (3) determine the hinge-moment characterist ics of the 
alleviation system's  aerodynamic surfaces. A determination of the experimental uncer 
tainty in the parameters  used in the analytical study was made. 

The analytical study employed several  different types of calculations including 
(1)root locus, (2) frequency response of the airplane to both vertical  gusts and elevator 
control inputs, (3 )  power spectra  of the airplane's response by assuming a von Karman 
gust spectrum, (4)time-history responses to step vertical  gusts and step elevator inputs, 
and (5) the elevator position required for tr immed flight at  different lift coefficients. 
One or  more of these types of calculations were used t o  study several  different subjects 
related to an evaluation of the performance of the gust-alleviation system. The differ
ent subjects were as follows: (1)unsteady lift effects, (2) the impact of experimental 
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. uncertainty in the aerodynamic parameters,  (3) variation of the static vertical alleviation 
factor, (4) variation of the flap natural frequency and damping ratio, (5) variation of 
center -of -gravity location, (6) passenger location relative to airplane center of gravity, 
(7) the addition of a flap-elevator interconnect or  a pitch damper, and (8) the airplane's 
hand1ing characterist ics.  

SYMBOLS 

unsteady lift transfer function parameters  (appendix B) 

a pitch damper gain, sec2 

bf span of flap, m 

bV span of vane, m 

CD drag coefficient, -D 
-2 
1 pv2s  

H 
ch 

hinge -moment coefficient referred to flap hinge line, 
1z PV2SfCf 

L 
CL 

lift coefficient, 	 ~ 

1- p v  2s
2 

Cm pitching-moment coefficient, M 

vertical-force coefficient, 	-Z 
1C Z  - p v  2s 
2 

C mean aerodynamic chord, m 

Cf flap chord, m 

D drag, N-m 

g acceleration of gravity, 9.81 m/sec2 

H hinge moment, N-m 
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If 

I V  

i 

ir 

K 

KH 


KO 

KS 


KV 

KY 

kY 

L 

Q 


2 

Zn 

ZP 

ZV 

M 

flap inertia about flap axis, kg-m2 

vane inertia about vane hinge line, kg-m 2 

incidence of vane relative to local angle of attack due to t r im control, rad  
(see accompanying definitions for eq. (Al)) 

ra t io  of flap inertia to  flap plus reflected vane inertia (see eq. (A13)) 

negative of ra t io  of flap-deflection change to angle-of -attack change, A6f 
AO! 

static horizontal gust-alleviation factor 

loading spring torque at  zero flap deflection, N-m 

loading spring gradient, N-m/rad 

static vertical  alleviation factor (see appendix A) 

ratio of radius of gyration to mean aerodynamic chord, kY 

radius of gyration in pitch, m 

lift, N 

scale of turbulence, m 

rat io  of tail  length to mean aerodynamic chord of wing 

effective vane length (see eq. (A13)) 

longitudinal distance behind center of gravity, m 

longitudinal distance from airplane center of gravity to vane quarter chord 
(vane length), m 

pitching moment, N-m 
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m 

m' 

n 

qf 

S 

Sf 

S 


t 

WO 

Z 

a! 


Y 


mass  of airplane, kg; also ratio of change in flap deflection to change in 
elevator deflection in  steady state (see eq. (A13)) 

ratio of vane incidence change to elevator deflection change (see accompanying 
definitions for eq. (Al)) 

normal acceleration, positive downward, g units 

pitching velocity, rad/sec; also dynamic pressure ,  N/m2 

flap equation factor, 	 -1 pV2%cf, N-m 
2 

area of wing, m 2 

area of flap, m2 

Laplace variable, sec- 1 

time, sec 

unit s tep function (appendix B) 


true velocity with respect to undisturbed air mass,  m/sec 


increment in vertical  velocity with respect to undisturbed air mass,  m/sec 


vertical force, positive downward, N 


angle of attack, rad o r  deg 


WOincrement in angle of attack with respect to undisturbed air, -V'  
rad  

gearing ratio, 	-
A6f 

gearing ratio, 	-6e 
6f 

unit impulse function (appendix B) 

elevator deflection assuming t r im position is zero,  positive when trailing edge 
is down, rad  o r  deg 
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flap deflection, positive when trailing edge is down, rad or deg 

vane dihedral deflection angle, positive when outboard end is down, rad 

downwash angle, positive downward, rad  

flap-vane damping ratio 

increment in pitch angle, positive nose up, rad  

relative density factor, 	-m 
P Sc 

density of air, kg/m3 

rea l  par t  of characterist ic root, rad/sec; also root-mean-square gust 
velocity, 2.83 m/sec 

normal acceleration power spectra1 density, (g/r ad)2/r ad /se c 

pitch -rate power spectral  density, (rad/sec/rad)2/rad/sec 

total incidence of vane relative to local angle of attack (see eq. (A3)), rad 

imaginary part  of characterist ic root,  rad/sec; 

natural frequency, rad/sec 

Subscripts: 

f flap 

g gust 

Pd pitch damper 

t tail 

W wing fuselage 

also frequency, rad/sec 



A bar  over a symbol denotes the Laplace transform of a variable. Pr imes  denote 
an  alleviated parameter.  Dots over symbols denote derivatives with respect to time. 

Stability derivatives are indicated by subscript notation; for example, 
- aCZ 

CZ, -a(y' 

DESCRIPTION OF SYSTEM 

A sketch of the basic components of the system is presented in figure 1. Two aux
iliary aerodynamic surfaces, o r  vanes, are mounted on either side of the fuselage near 
the wing. These vanes are hinged about a chordwise axis adjacent to the fuselage and 
change their  dihedral angle in response to gusts as shown in the front view of figure 1. 
The vanes are also hinged about a spanwise axis (side view of fig. 1) to change their  angle 
of incidence as a function of stick position in order  to provide pilot control. As the vanes 
move upward (increase their  dihedral) in response to an upgust, the flaps are deflected 
upward by the flap-vane linkage. The flaps decrease the lift on the wing by an amount 
almost equal to  the increase in lift on the wing due to the gust which caused the vane 
dihedral deflection. In this way the lift on the airplane is maintained relatively constant 

Both vanes and both flaps are inter-regardless  of the gust encountered by the airplane. 
connected so that they deflect together symmetrically to prevent the system from pro
ducing rolling moments. 

This gust-alleviation system achieves i t s  alleviation by reducing the lift -curve 
slope of the airplane to a small  value so that there  a r e  small  changes in lift due to gust-
induced angles of attack. This low response to changes in angle of attack practically 
eliminates the pilot's ability to change the flight path by using the elevator unless some 
sor t  of compensation is provided. The spanwise pivot axis for  changing vane incidence 
and the pilot's control linkage shown in the side view of figure 1 are provided for this 
purpose. As the elevator is deflected, the vane is rotated about its quarter  chord line by 
an angle equal to, but in the opposite direction from, the change in angle of attack com
manded by the elevator deflection. The steady-state angle of attack of the vane is, there
fore,  constant; and, except for transients, the flap does not respond to changes in angle of 
attack due to elevator control inputs. However, the flaps s t i l l  respond to changes in angle 
of attack due to  gusts. 

A loading spring is provided so that the vanes do not have to operate at a near zero  
angle of attack in order  to  maintain the flap equilibrium position at zero  deflection. At a 
zero  vane angle of attack the vane will be generating drag but no lift and will therefore 
unnecessarily penalize the airplane's performance. The lift on the vane at a positive 
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vane angle of attack must be balanced by the loading spring in order  to  keep the flap 
deflection at the center zero  position for the tr immed flight condition in the absence of 
gusts. If the flight condition changes, either the spring preload or the vane incidence 
relative to the airplane must be readjusted to reposition the flap to zero deflection for the 
new angle of attack of the airplane. A positive vane angle of attack results in the system 
alleviating horizontal gusts as well as vertical  gusts since the lift on the vanes will change 
with airspeed. However, horizontal gusts are of much less importance than vertical gusts 
except for low -speed approaches. 

EQUATIONS OF MOTION 

Basic Equations 

The following equations are based primarily on the mathematical model of refer
ence 2 with a different flap equation to account for the response of the flap-vane system. 
The equations are perturbation equations in which ao7 8, 6f, cy and 6, are assumed g,
to be zero at the equilibrium condition. 

Z -force equation: 

Pitching-moment equation: 

-
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Flap hinge -moment equation: 

The flap equation (eq. (IC))is developed fully in appendix A (eq. (A13)). The natural fre
quency and damping rat io  of the flap-vane system are designated wn and 1, respectively. 
Also shown in appendix A is the static alleviation factor KV which is related to  K as 
follows: 

The results which are presented herein will be in t e r m s  of the static alleviation fac
tor  Kv. When KV = 0, there  is no alleviation; and when KV = 1.0, the static lift-
curve slope is zero.  

Two equations are added to calculate the pitching ra te  and normal acceleration, 

- v  z sc 
n = -g s(z0 - e )  - +-

where Ip is the longitudinal distance between the center of gravity and the passenger 
location. In all but one case Zp is equal to zero so that fi is the acceleration at the 
center of gravity. 

Equations (1)and these two equations were solved on a high-speed digital computer 
to produce (1)the roots  of the characterist ic equation, (2) the frequency response of the 
airplane with respect to gust and elevator forcing functions, and (3) time-history responses 
to s tep inputs of gust and the elevator. 

Power spectra  of the normal acceleration and pitching responses were calculated 
by using the von Karman gust representation as follows: 
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and 

where 

is = 2.83 m/sec 

P = 300 m 

In this analysis the square root of the power spectrum rather  than the power spectrum is 
used in order to get the values proportional to the acceleration o r  pitching rate.  Values 
proportional to the acceleration o r  pitching rate are thought to be more appropriate 
because the acceleration and pitching ra te  have more intuitive meaning to a passenger 
than acceleration squared or  pitching ra te  squared. 

The square root of the area under the power spectrum curve up to  a frequency of 
20 rad/sec is taken to be the root-mean-square response of the airplane herein. Theo
retically, the area should be determined for frequencies to  infinity. However, the trun
cated area described above is used because of limitations of the mathematical model which 
are described next. 

Unsteady Lift Effects 

Equations (1)  do not represent the motions of the airplane well for high frequencies 
because they assume that lift is generated instantaneously and that part  of the lift is pro
portional to the frequency. In reality, it takes some t ime for lift to be generated after the 
angle of attack o r  flap deflection changes, and the t e rms  which are proportional to fre
quency are a crude approximation for the lift due to the lag in the wing and flap downwash 
on the tail. In appendix B these time-dependent effects are approximated more accurately 
by some simple combinations of f i r s t  -order and second-order functions. These functions 
make the lift build up to i t s  full value over the t ime it takes to t ransverse a few chord 
lengths and eliminate the t e rms  proportional to the frequency while maintaining a linear 
set  of equations. The lift due to the lag in the downwash on the tail is approximated by a 
short-time-constant f i r s t  -order function combined with a long-response-time second-
order  function. The f i rs t -order  function has a sign opposite that of the second-order 
function and is used to represent the upwash due to the vortex shed off the trailing edge 
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of the wing after an angle-of -attack o r  flap-deflection change. The second-order function 
is used (in conjunction with the final value of the first-order function) to represent the 
final value of the downwash angle. 

Flap-Elevator Interconnect and Pitch Rate Damper 

Two possible methods of increasing the effectiveness of the alleviation and reduc
ing the pitch responses were investigated. The first was a flap-elevator interconnect to  
change the flap pitching-moment characterist ics,  and the second was a pitch ra te  damper. 
(See fig. 2.) The flap-elevator interconnect was assumed to make the elevator deflection 
a function of the flap deflection by a mechanical link so that 

where ym was  the gearing ratio. When the flap-elevator interconnect is investigated, 
it is assumed that the vane incidence does not change with an elevator deflection caused 
by a flap deflection. This assumption can be realized physically by holding the control 
stick fixed. The pilot will be  able to feel the reaction of the forces  in the linkages. 
These forces  may be objectionable; in which case,  a separate aerodynamic surface 
instead of the elevator may be required. The elevator was used herein only because i t s  
aerodynamic effectiveness was already known. 

When the pitch ra te  damper was used, it was assumed to act  through the simple 
control law 

n- 0.125aw' 
- "Pd 

- s2 + 1.4wnpds + w ,2 
* Pd 

where a and w"pd' the gain and natural frequency, were variable. The constant in 
front of a was inserted so that when a = 1, the steady-state elevator position for  a 
given pitch rate produced the same pitching moment as that produced by the airplane's 
basic pitch rate damping. As with the flap-elevator interconnect, it was assumed that an 
elevator deflection caused by the pitch rate damper does not change the vane incidence. 

Static Stability Equations 

The effective Cm, of the airplane with the system active (designated CA,) is a 
function of the Cma of the unalleviated airplane and the pitching-moment coefficient of 
the flap. It can be determined from equations l(b) and l(c) by assuming 6, = = 0, 
dropping the dynamic t e r m s  ( t e rms  including the Laplace variable s), and eliminating 6f, 
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or 

where the t e r m s  in the brackets have been replaced with Cma and Cmy respectively. 
When the flap-elevator interconnect was used, the effective pitching-moment coefficient of 
the flap w a s  modified so that the equation was 

Stick -Fixed Handling Characteris t ics  

Satisfactory static stability of an airplane does not insure that the stick-fixed han
dling characterist ics will also be satisfactory. That is, a negative (stable) C& does 
not insure that the slope of the curve of tr immed elevator position against lift coefficient 
will be negative (stable). The slope of the curve for elevator position against lift coeffi
cient (called the stick-fixed handling characterist ic herein) must be determined separately 
from the static stability. This determination was made by (1) eliminating the dynamic 
t e r m s  in equations (l),(2) dropping the Laplace transform notation for a!, 6f, and 6,, 
(3) adding a te rm to the lift equation to account for the weight of the airplane, (4) re inser t 
ing the total angle of attack in place of the perturbation angle of attack, and (5) adding a 
term Cmo to the pitching-moment equation to provide equilibrium with the new reference 
angle of attack. In addition, the flap equation had to be modified to account for the cri t ical  
fact that the hinge moment produced by the loading spring did not vary with velocity o r  
dynamic pressure.  (See appendix A (eq. (A3)).) The resulting equations were 
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where 

These three equations were solved simultaneously for different velocities o r  l i f t  coeffi
cients to produce the tr immed angle of attack, flap position, and elevator position. 

It will be shown that the stick-fixed handling characterist ics are influenced by the 
static horizontal alleviation factor KH. It is shown in appendix A (eqs. ( A l l )  and (A12)) 
that 

o r  

K, 
KH = ..(.Y + qfChai) 

where the quantities in parentheses are evaluated at the tr immed flight conditions with 
6f = 6, = 0. 

STATIC WIND-TUNNEL TESTS 

Static wind-tunnel tes t s  were run to determine as many of the aerodynamic param
eters in equations (1)and equation (5c) as possible. A 1/6-scale model was built of a 
popular high-wing, single-engine, light airplane. The model had a removable horizontal 
tail and wing so that the contributions of the individual components could be measured and 
the downwash parameters,  ae/aa,  and ae/a6f, calculated. The model was equipped with 
the gust -alleviation system which permitted measurement of the static hinge -moment 
characterist ics used in equations (5). The iner t ias  of the vanes, flaps, and linkages were  
not truly representative of those for  a full-scale airplane, and the friction levels in the 
vane and flaps were higher than that which could be achieved in a full-scale airplane. 
Therefore, the dynamic flap parameters  used in equation (IC)were estimated for a full-
scale airplane rather  than by using values measured for the model. Additional tes t s  were 
made to demonstrate the effects of the system on static lift, drag, and pitching moment, 
and to determine the effect of vane location on hinge moment. 

Model 

The main dimensions of the model are given in figure 3(a), and a photograph of the 
model mounted in the tunnel test section is presented in figure 4. The model was equipped 
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with plain flaps (see fig. 3(b)) (the ratio of flap chord to wing chord was 0.25 and the rat io  
of flap length to  wing semispan was 0.37) that could deflect upward as well as downward. 
A pair of gust vanes (see fig. 3(b)) were mounted on either side of the fuselage and con
nected to the flaps with rigid mechanical linkages. The linkages were adjustable (see 
fig. 5) and provided a range of ra t ios  of vane to flap deflection y of 0.2 to 10.0. Both 
the vanes and the flaps were provided with mechanical stops to limit the t ravel  of the 
system. The model had an adjustable elevator; however, no aileron or  rudder surfaces 
were incorporated on the model. 

Equipment 

The model was tested in a low-speed tunnel with a 12-foot (3.66-meter) octagonal 
test section at the Langley Research Center. The model was  mounted on a three-
component balance which measured the normal force,  axial force,  and pitching moment. 
A hinge-moment balance and a potentiometer were  also installed on the model's flap axis. 

Conditions 

The tes t s  were run a t  a tunnel speed of 13.7 m/sec (q = 1.65 N/cm2) which gave a 
Reynolds number of approximately 2.3 X 105 based on the model wing chord. The range 
of angle of attack tested was from -4' to 16O. Both the flaps and the elevator were tested 
through a range of *20°. The reference center-of-gravity position was 0 . 2 8 ~ .  

Model Component Test  Results 

The model was tested in four different configurations, and the resul ts  of these tes t s  
a r e  presented in the following figures: 

Configuration Figure 
. __ 

6 and 7 
Wing i-Fuselage 8 
Fuselage + Tail  9 

10 
.. . 

The aerodynamic parameters  needed in equations (la) and ( lb)  were calculated from these 
data as follows. The parameters  were calculated from the data

(CL6e)t and jCm6e)t
for the basic model. The wing-fuselage data are used to calculate the parameters  CL 

O W  
and C, for each of the five tested flap positions and the parameters  (cL6f)w and 

OW 

for five different angles of attack. In each case a least-squares slope.(of CL 
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o r  C, against 6e, o r  of CL o r  Cm against a ,  or  of CL o r  C, against Sf) 
and a standard deviation of the least-squares slope were claculated by using standard 
statist ical  formulas. (See ref. 7.) The parameters  C L ~ ~Cmat were calculatedand 
by subtracting the slope determined for the fuselage data f rom the slope determined for 
the fuselage plus tail data. Since each of these slopes had a calculated standard deviation, 
the e r r o r  propagated to the final answer was also calculated by using standard statistical 
techniques. (See ref. 7.) 

The downwash parameters,  & / a a  and ae/a6f, were calculated by using the 
following relationships: 

The parameters  Cm, and C 
6f 

were f i r s t  determined by using the data for the basic 
model, and the other parameters,  Cmcy.w, Cmat, and (Cm6f)w, were determined from 

the component tes t s  describied previously. The one standard deviation values of these 
parameters  were then used to calculate the propagated uncertainties in the computed 
values of & / a @  and ae /ahf .  The resul ts  of all the above calculations are presented 
in the following figures: C L and ~ and~ Cmaw in figure 11, ( c L ~ ~ ) ~  (Cm6f) in 

figure 12, (‘L6e)t and (Cm6e)t in figure 13, and 8 ~ / a a  and ae/a6f in figure 14. 
Only one value was calculated for  each of CL a t  and Cma t  since they w e r e  considered 
to be independent of flap position. 

The experimental.values fo r  the parameters  for a = 0 and 6f = 0 were used in 
the analytical work since these conditions most nearly approximated the tr immed cruise 
condition. No Reynolds number corrections were made; the tunnel data were assumed to 
apply directly to the full-scale airplane. The Z-force derivatives were assumed to be 
equal to the negative of the lift derivatives determined in the tunnel. The derivatives 
used in reference 4 and the derivatives determined and used herein in the analysis are 
included in table I. 

A horizontal line at the values used in the analytical work has  been drawn in fig
u res  11 to 14 so that the possible deviation from the values used can be easily seen. The 
deviation due to the experimental uncertainty was generally less than that due to nonlin
ear i t ies  (dependence on a or 6f). 

In order  to  obtain some evaluation of the effect that experimental uncertainty may 
have on the analytical results, a few calculations were made by using variations of one 
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standard deviation f rom the mean values at o! = 0, 6f = 0 for  four of the parameters .  
The four parameters  used were CmaW, a ~ / a a ,  (Cm6f)w, and %/a+ since they had 
some of the largest  relative standard deviations. (See table I.) Four different combina
tions of these parameters  taking two parameters  at a t ime were used. The signs of the 
one standard deviation values of CmaW and &/a@ were selected to maximize the 

change in the static so term,  and the signs of the one standard deviation values of 

Fm63, 
and ae/a6f were selected to maximize the change in the static & term. 

Static Effects of the Alleviation System 

The variations of lift, drag, pitching moment, and flap deflection for  one typical 
alleviated configuration are shown in figure 15. These variations are compared in the 
figure with those of the model with the alleviation system fixed. In the active range 
where the flaps were floating free of the mechanical stops,  the lift-curve slope of the 
alleviated model was  reduced to about one-third that of the unalleviated model. The cen
ter of active range of the flaps (the point where 6f = 0) could be adjusted to any CY o r  
CL by the proper choice of loading spring preload, vane incidence, and flap-vane gearing 
ratio. (See eq. (A3).) The slope of the lift curve in the active range of the flaps could be 
adjusted by using different flap-vane gearing rat ios  and loading spring gradients. (See 
eq. (A4).) The pitching moment of the model was practically unaffected by the system 
because the pitching moment due to change in wing camber 

(cm6f)w 
was approximately 

canceled by the pitching moment due to flap downwash on the tail a �  Cmat. Since the 
a6f 

pitching-moment characterist ics of the model did not change appreciably, the static s ta 
bility of the model was preserved. 

The active angle-of-attack range of the system was approximately *3O. Although 
the range could be extended a few degrees by moving the mechanical stops of the flap and 
vane to provide more  flap travel, the alleviation system will be able to relieve only a 
small  fraction of the gust levels used for design loading calculations. Even so, the system 
should be able to relieve most gusts encountered in normal operations since the design 
gusts are very ra re ly  encountered. 

Hinge -Moment Coefficients 

The hinge -moment coefficients of the combined flap-vane system for  various angles 
of attack and flap deflections are shown in figure 16. The vane w a s  tested at two longi
tudinal locations. The quarter chord of the vane was f i r s t  located at  the 0 . 8 0 ~location 
because it allowed a single, direct, mechanical link between the flap and the vane. The 
data in figure 16(a) indicated that this location was unsatisfactory since the variation (;f 
flap hinge-moment coefficient with flap deflection Chgf was positive or unstable for  
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some angles of attack. When the vane was moved to the 0 . 2 6 ~position, Ch6f was nega
tive throughout the angle-of -attack range. The differences shown in figure 16(a) and fig
ure  16(b) were not due to  the different gearing ratio y used for the two sets of data. 
Qualitative data for  a range of different mechanical gains at the 0 . 8 0 ~location always 
showed the same unstable flap characteristic, positive Ch6f. These observations indi

cated the flap downwash was interfering with the flow over the vane and thus was changing 
the effective angle of attack of the vane. 

The values for  Ch, and Chgf used in the analysis of the handling character
is t ics  (eq. 5(c)) were -3.0 and -0.5, respectively. These values are reasonably close t o  
the values which can be obtained from figure 16(b). Since ch, and Kv are dependent 
on y (see eqs. (A3), (A4), and (A8)) and the accompanying definitions, the value of cha! 
used in the equation had to be different from that obtained from figure 16(b) in order  to  
produce the desired level of static vertical  alleviation. 

RESULTS AND DISCUSSION 

In the following sections several  different types of calculations are presented for  
many different subjects. A complete l ist  of the combinations used is presented in table II. 
The words "basic airplane' '  will refer to the response of the unalleviated airplane, 
KV = 0, at the center of gravity (Lp = 0), with the derivatives given in table I. The deriva
tives in table I define a center-of-gravity location of 0 . 2 8 ~ .  For the alleviated airplane 
the parameters  characterizing the alleviation system will be, except where specified 
otherwise, as follows: KV = 0.75, wn = 15, ( = 0.5, 2P = 0, ym = 0, and a = 0. The 
airplane characterist ics a r e  the same as those of the basic airplane. 

Unsteady Lift Effects 

Root locus.- Four roots of the characterist ic equation of the unsteady lift equations 
are compared with the corresponding roots from equations (1)in figure 17 for different 
levels of static alleviation. Only the two flap mode and the two short-period mode roots 
are shown for the unsteady lift equations. There w e r e  several  other high-frequency roots 
due to the unsteady lift effects. The unsteady lift short-period roots  show a slight shift 
toward the unstable region and the flap roots  show a shift to slightly higher frequencies. 
However, the differences in the two sets of roots a r e  no la rger  than the differences due 
to  the experimental e r r o r  in the aerodynamic parameters  which will be shown later. 

Frequency response. - The effect of the unsteady lift on the normal acceleration 
frequency response for the basic airplane and for  the alleviated airplane is shown in fig
u re  18. The unsteady lift effects are added f i r s t  for the Z-force equation, then for  the 
Z-force equation and the pitch equation, and then (for the alleviated airplane) for all three 
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equations. At high frequencies the Z-force equation makes more  difference than the 
pitch equation for both the basic and alleviated airplane. At the short-period frequency, 
o = 6 rad/sec, the pitch equation makes the most difference for the alleviated airplane. 
The increased response is due to the decreased short-period damping noted in the previ
ous section. 

Since the differences in the results including unsteady lift effects were thought to be 
insignificant for the purposes of this study and since equations (1) (without unsteady lift 
effects) were much more convenient to use than the unsteady lift equations, equations (1) 
were used for all the following results.  

Impact of Experimental E r r o r  

Root locus.- The short-period roots  for the four combinations of the aerodynamic 
parameters  with the largest  standard deviations as explained in the model component tes t  
resul ts  section are shown in figure 19(a). The short-period roots are most sensitive to 
changes in the flap parameters  (CmsSw and &/&f .  The percentage change in the 
damping rat io  is approximately the same, *14 percent, as the percentage change in the 
parameters.  

Power spectra.  - The normal acceleration power spectra  for these same parameters~ ~ ~~ 

(fig. 19(b)) also show comparable variations, especially at the short  -period frequency 
where the spectra  have their  peaks. The root-mean-square values are l e s s  sensitive to  
the parameter variation because the spectra  with the largest  low-frequency responses 
have the smallest  high-frequency responses. It should also be mentioned that the varia
tions of the aerodynamic parameters  with flap deflection and angle of attack (nonlinearities) 
were even larger  than the variations due to the experimental uncertainty considered here. 
Although the propagated uncertainty due to these nonlinearities should not be calculated in 
the same manner as the experimental uncertainty, the nonlinearities will probably also 
cause considerable variation in the calculated responses. The absolute values of all the 
following resul ts  a r e  therefore questionable since they are based only on the values of the 
parameters  as given in table I. However, the t rends for changes in a given variable, such 
as Kv, should not be affected as strongly by the uncertainty in the parameters  as the 
absolute values are affected. 

Static Alleviation Factor 

Root locus. - The short-period roots for different vertical  static alleviation factors, 
flap natural frequency, and flap damping ratio a r e  given in figure 20. Only the roots for 
the static alleviation factors  are discussed here;  the roots for  the flap natural frequency 
and damping ratio are discussed later under the sections for those subjects. 
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Increasing the static alleviation factor KV decreases  the short  -period damping 
sharply. In fact, the damping is decreased below the unsatisfactory l imit  of 0.25 (for 
KV = 1.0) suggested in reference 8 from the pilot rating standpoint. The computed damp
ing ratio of the basic airplane is 0.58. This calculated value is much lower than the 0.8 
to 1.0 value obtained in unpublished studies by using flight data for this  airplane. If the 
basic airplane's damping is really higher, the damping of the alleviated airplane may also 
be high enough to insure that the handling qualities wi l l  not be excessively degraded. 

Flap frequency response.- The frequency responses of the flaps for the correspond
ing levels of static vertical  alleviation are shown in figure 21. The responses have peaks 
which are much higher than the static ratio of flap deflection to angle of attack. For 
example, a t  KV = 0.75, the peak value of Q/ag i s  about twice that of the static ratio 
of A6f /Aa .  Thus, the magnitude of the gusts that the system can alleviate without the 
flaps o r  the vanes hitting the mechanical stops is even l e s s  than that which would be 
inferred from the static ratio o r  the static data in figure 15. 

Power spectra. - The square roots of the normal acceleration power spectra  for 
various levels of static vertical  alleviation a r e  shown in figure 22. The optimum level of 
vertical  alleviation as measured by using the root -mean-square acceleration as a cr i te
rion is KV = 0.75 and not as might be expected KV = 1.0 where the lift-curve slope 
is zero. For comparison, the optimum level of alleviation for  this airplane by using the 
methods of reference 2, with optimum flap downwash and flap response characteristics, 
is KV = 0.85. The small  differences between KV = 0.85 and KV = 0.75 are relatively 
unimportant and could be attributed to the truncation process  in determining the root
mean-square values. However, KV = 0.75 is used as the optimum herein. 

The pitching response simply increases  with K v  For  the optimum vertical allevi
ation, KV = 0.75, the pitching response is almost three t imes as large as that of the basic 
airplane a t  the short-period peak, whereas the root-mean-square value for the pitching 
rate  is over two t imes as large. This relationship is a fundamental problem; lower nor
mal acceleration response is accompanied by a higher pitch response. This relationship 
is also t rue  for most of the resul ts  presented subsequently; therefore, in most cases  only 
the normal acceleration power spectra  a r e  presented. 

Time history.- The time-history responses to 1' step gust inputs for increasing 
levels of static gust alleviation are shown in figure 23. The normal acceleration of the 
alleviated airplane is initially less than that of the basic airplane, but there  is considerably 
more overshoot. The static alleviation factor of KV = 0.75 appears to give the best  
compromise between initial response and overshoot - a resul t  which agrees  with the 
resul ts  of the power spectra  calculations. The pitching response and the flap response 
simply increase with increasing static alleviation. 
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Flap-Vane Natural Frequency and Damping Ratio 

Root locus.- The flap-vane natural frequency and damping ratio have little effect on 
the short-period damping although they do affect the short-period frequency. (See fig. 20.) 
However, reducing the flap-vane damping ratio f rom the nominal value of 0.5 to  the value 
of 0.1 decreases  the damping rat io  of the characterist ic root for  the flapping mode (not 
shown) from 0.56 to 0.23. The other parameters  (Kv and wn) do not appreciably affect 
the damping of the flap mode. 

Power spectra.- The effect of the flap-vane natural frequency on the normal accel
eration power spectra  for  KV = 0.75 i s  shown in figure 24(a). When the flap natural 
frequency is almost the same as the short-period natural frequency, wn = 5 rad/sec, the 
normal acceleration response is actually greater  than that of the basic airplane. As the 
natural frequency of the flap is raised, the normal acceleration response is reduced so 
that the higher natural frequencies produce better alleviation. This resul t  agrees  with 
the formulas  in reference 2 which would predict optimum conditions with an instantaneous 
flap response for this particular configuration. (The instantaneous response resul ts  f rom 
the fact that the vane and the wing are at  the same longitudinal location so that the gusts 
reach both the wing and the vane at  the same time.) 

The effect of flap-vane damping ratio for KV = 0.75 and wn = 15 is shown in 
figure 24(b). For low damping ratios (0.1 and 0.25), the low-frequency response is atten
uated, but there is a resonant peak near the flap natural frequency. For higher damping 
rat ios  (0.5 and 0.75), the resonant peak is practically eliminated but the low-frequency 
response is greater  than that for the lower damping ratios.  The root-mean-square values 
indicate that ( = 0.25 is about optimum. 

The flap-vane frequency and damping ratio cannot in practice be varied indepen
dently as is done in the preceding analysis. In appendix A (eq. (A22)), it is shown that the 
designer can produce the desired high natural frequency by using a large span vane and an 
effective flap with a low hinge moment, short  chord, and long span. However, this type of 
vane and this type of flap produce a system with low damping rat ios  (eq. (A23)) so that a 
compromise must be made between frequency response and damping ratio. 

Center -of -Gravity Variation 

The effect of center-of-gravity position on the alleviation is shown in figure 25 for 
KV = 0.75. As the center of gravity is moved aft, the response is increased, especially 
near the short-period frequency. A similar effect was apparent in the response calcula
tions (not shown herein) for the basic airplane. 
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Normal Acceleration Response for  Passenger Location 

Removed From Center of Gravity 

Reference 2 indicated that the high pitching responses of gust-alleviated airplanes 
could cause the normal acceleration for  points removed from the center of gravity to be 
increased. The resul ts  for  some calculations made for  points 0 . 2 0 ~and 0 . 4 0 ~aft of the 
center of gravity (representative distances for the passenger compartment in the subject 
a i rcraf t )  are shown in figure 26. These calculations show that the level of acceleration 
is relatively unaffected by the longitudinal location even though the pitching response is 
increased significantly as shown earlier. This resul t  is due to  the fact that the passenger 
locations on this airplane are near the center of gravity and not 1 o r  2 chord lengths away 
as is possible on a transport  airplane. Although the pitching response does not appre
ciably affect the normal acceleration, the pitching motion itself may cause' r ide discomfort 
and may still be important in the overall r ide comfort. 

Flap-Elevator Interconnect and Pitch Damper 

The basic gust-alleviation system, as investigated above, reduces the root-mean
square normal acceleration response no more than about 50 percent while simultaneously 
increasing the pitching response. In order  to determine whether any further gains in 
alleviation could be achieved and whether the pitching response could be reduced, a flap-
elevator interconnect and a pitch damper were  investigated. The resul ts  of the calcula
tions for different gearing rat ios  of the flap-elevator interconnect ym are shown in 
figure 27. The corresponding alleviated static stabilities Cha! calculated from equa
tion (4) are included in the figure. The overall normal acceleration alleviation effective
ness  is increased by increasing ym except a t  low frequencies. (See fig. 27(a).) The 
pitching response is also attenuated at  practically all frequencies and with the higher 
gearing approaches that of the unalleviated case. (See fig. 27(b).) 

These resul ts  are for a constant wn and KV which in a practical situation would 
be impossible to achieve. Connecting the flap to the elevator would reduce wn because 
of the increased inertia of the system whereas KV would also be reduced because of the 
increased hinge moment. Further study of these effects is required in order  to  define the 
interrelationship. 

A damper natural frequency of 10 rad/sec is used initially in order  to be faster  
than the short-period response of the airplane. The pitch damper has very little effect 
on the root-mean-square normal acceleration even though the power spectral  density 
shape is shifted to  slightly higher frequencies for higher gains a. . (See fig. 28(a).) The 
pitch rate response (fig. 27(b)) is reduced by the pitch damper so that the damper may be 
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useful if the pitching response degrades the r ide comfort. A much higher pitch damper 
natural frequency (1000 rad/sec) increases  the alleviation only slightly (fig, 29(a)) and 
reduces the pitching slightly (fig. 29(b)) over that of the slower responding damper. 
Therefore, it seems  that if the natural frequency of the damper is higher than the short-
period frequency of the airplane, the actual value is not a pr imary consideration. 

Handling Characteri s t ics  

A gust-alleviation system can have a profound effect on the handling characterist ics 
since it modifies one of the basic aerodynamic character is t ics  of an  airplane - the lift-
curve slope. The possible deleterious effect of the lowered short-period damping on the 
handling characterist ics has already been mentioned. Other effects of the alleviation 
system on the handling characterist ics will now be discussed. 

In the following discussion, the gearing ratio between the elevator and the vane 
incidence m' is adjusted to maintain the basic airplane's handling characterist ics in 
steady accelerated flight. That is, the elevator deflection required for a given level of 
steady normal acceleration is the same for  the alleviated airplane as that for the basic 
airplane. The only way the two responses can be the same is for the flap deflection in 
steady accelerated flight to be zero  for  the alleviated airplane. This result  is accom
plished by making the change in vane incidence for  a given elevator deflection equal to, 
but opposite, the change in angle of attack of the vane that would result  from the same 
elevator input. This arrangement will keep the flap deflection zero  because the lift on 
the vane will remain a t  the original tr immed levels in steady accelerated flight even 
though the angle of attack (and lift) of the airplane changes in response to elevator control. 

With a gearing ratio m '  an elevator deflection causes a change in vane incidence 
which in turn causes a flap deflection since the vane lift changes. The steady-state ratio 
of flap deflection to elevator deflection if the angle of attack and 8 are held constant is 
designated m. (See eqs. (IC) and (A13).) The relationship between the rat io  m and 
gearing ratio m' is given in the definition accompanying equation (A13). The value 
of m is proportional to KV since KV in turn is proportional to the change in flap 
deflection for an angle -of -attack (or vane incidence) change. The parameter m rather  
than m' is used in the following analysis. 

Normal acceleration frequency response to elevator~ _ _.- _  . -~ inputs. - The resul ts  of these 
frequency response calculations are shown in figure 30 fo r  different levels of static allevi
ation (and the corresponding m values). At low frequencies the responses are the same 
as that of the basic airplane since the gearing ratio was selected for the steady-state case. 
At higher frequencies the alleviated responses are increasingly different from that of the 
basic airplane, especially for  higher levels of alleviation. For KV = 1.0 (m = -3.21), 
there  was a relatively large peak at  the short-period frequency as a result  of the lowered 
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damping noted earlier for the short-period mode. However, at KV = 0.75, the airplane 
response to the elevator is not much different from that of the basic airplane,  and thus it 
seems that this response would probably be acceptable to a pilot. 

Time history.- The time-history response to a lostep elevator input for KV = 0.75 
and m = 2.41 is compared with that of the basic airplane in figure 31. The fast initial 
normal acceleration response of the alleviated airplane is like a direct  lift control sys
tem because the airplane did not have to pitch to produce the normal acceleration. The 
flaps are producing the normal acceleration in this initial t ime period. Then as the 
airplane's angle of attack changes in response to the elevator deflection, the flaps are 
driven back to zero; and the steady-state normal acceleration is produced by the new 
angle of attack of the airplane. 

Static stability.- The static stability is discussed in this section because it is ordi
narily associated with the stick-fixed handling characterist ics.  Substituting equation (2) 
into equations (3) and using the numerical values for  the various derivatives results in 

CL, = -1.21 - 0.14Kv 

Since KV of less than one is desirable, the static stability is not appreciably 
affected by the gust-alleviation system. This result  is a consequence of the near zero 
value of CmGf and agrees  with the tunnel resul ts  of figure 15 which shows no appreci
able change in Cm with a! for  the alleviated model. 

Stick-fixed handling characterist ics.  - The resul ts  of the calculations using equa
tions (5) are presented in figure 32 for four different levels of the static horizontal gust-
alleviation factor KH and one value of the elevator-vane incidence gearing ratio m'. 
The elevator -vane incidence gearing ratio was selected to retain the handling character 
is t ics  of the basic airplane in steady accelerated flight. The values of the parameters  
used in equation (5c) are summarized in table 111, whereas the values of the parameters  
in equations (5a) and (5b) are the same as those in table I. 

For  no horizontal alleviation, KH = 0.0, the handling character is t ics  dGe/dCL 
a r e  practically the same as that of the basic airplane since the flap deflection changes 
very little with CL. For higher levels of static alleviation, the stick-fixed handling char
acter is t ics  are degraded (that is, dGe/dCL becomes less negative) so that for  values 
of KH between 0.75 and 1.00, the slope becomes positive. A positive slope represents  
an unstable equilibrium condition because a change in the elevator position would cause 
the velocity to diverge rather  than stabilize at a new velocity or lift coefficient. A posi
tive elevator deflection (stick forward), for example, would cause the airplane to pitch 
downward (see fig. 31) and eventually pick up speed. However, for this  unstable condition 
the airplane would never stabilize at a higher speed because a negative deflection (stick 
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back) f rom the initial t r im  is required to t r im  at a higher speed (lower CL) (fig. 32). In 
order  to t r i m  or stabilize at  a new velocity, the pilot would have to provide the stability 
by making several  elevator inputs ra ther  than a single input. The flap deflection at the 
new stabilized conditions will be positive for lift coefficients higher than the original t r im  
lift coefficient while the angle of attack will be about the same. This response is different 
f rom that of an unalleviated airplane, in which case a change in lift coefficient is accom
plished by a change in angle of attack rather than a change in flap deflection. 

In order  to have the slope of the tr immed elevator position as a function of lift coef 
ficient of the alleviated airplane the same as that of the basic airplane, the lift on the vane 
must be constant for  all airplane l i f t  coefficients. That is, the product of the dynamic 
pressure  and the angle of attack of the vane must be constant. This relationship between 
the angle of attack of the vane and the dynamic pressure  puts additional constraints of the 
values of m' and i that can be used. However, these values have already been speci
fied on the basis of the desired handling character is t ics  in steady accelerated flight and 
the static horizontal alleviation factor. A real-t ime simulation of the system with a pilot 
in the loop is needed to determine the best compromise between these conflicting require
ments on m'  and i. 

CONCLUSIONS 

An aeromechanical gust-alleviation system for a high-wing light airplane has 
been investigated analytically by using tunnel-determined values for the airplane aero
dynamic characterist ics and estimates for  the flap response characterist ics.  The tunnel -
determined values were measured by using a 1/6-scale model in the Langley 12-foot 
(3.66-meter) low -speed tunnel. Even though experimental e r r o r  in the tunnel-determined 
characterist ics have significant impact on the absolute values of the analytical resul ts ,  
definite relationships o r  t rends could be established and some conclusions can be made. 

The conclusions which can be made are as follows: 

1. The system does not appreciably affect the static stability. 

2. The system reduces the short  -period damping significantly. 

3. A static vertical  alleviation factor of 0.75 appears to be optimum for reducing 
the normal acceleration response. 

4. By using assumed flap response characterist ics,  the normal acceleration response 
to  a von Karman gust spectrum is reduced about one-half from the unalleviated airplane 
whereas the pitching response .is doubled. 
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5. Increasing the flap natural frequency increases  the amount of alleviation. 

6. A higher flap natural frequency can be obtained by using a long span, short  
chord, highly effective flap with a low hinge moment and a large span vane. 

7.A finite flap damping rat io  considerably less than crit ical  damping provides the 
most alleviation. 

8. A flap-vane system with the characterist ics described in conclusion 6 produces 
low flap damping rat ios  so that a compromise between high natural frequency and too low 
a damping ratio is necessary. 

9. A flap-elevator interconnect (which does not affect the flap-vane response char
acterist ics) o r  a pitch rate damper system improves the normal acceleration alleviation 
while simultaneously reducing the pitching response. 

10. The system produces direct  lift control. 

11. Although the system did not appreciably affect the static stability, the stick-fixed 
handling characterist ics may be significantly affected. The impact of these effects should 
be investigated by using a real-t ime simulation of the system with a pilot in the loop. 

Langley Research Center 

National Aeronautics and Space Administration 

Hampton, Va. 23665 

April 28, 1976 
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APPENDIX A 

FLAP AND VANE CHARACTERISTICS 

Flap Equation of Motion 

In order  to  understand how the system works, a thorough understanding of the 
equation which governs the motion of the flap is needed. Therefore, a generalized flap 
equation is written below. As the discussion progresses,  the equation will be simplified 
for  specific applications. 

Flap equation: 

where 

a! = atr im + CYo + Crg 

ZVi
aV= a! + -+ m'6e + i

V 

The t e rms  a r e  numbered for reference in the following discussion. 

The f i r s t  t e rm is the inertia term. It is made up of the flap inertia and the vane 
inertia reflected back to the flap axis by the square of the gearing ratio. The second 
t e rm is the damping t e rm which is made up of a flap t e rm and a reflected vane term.  The 
third t e rm is the stiffness term.  It is assumed here  that the vane does not contribute to  
the stiffness and that a loading spring with gradient Ks adds to the flap deflection hinge 
moment. 

The fourth t e rm is the hinge moment due to changes in angle of attack a t  the vane. 
This hinge moment is reflected back to the flap axis by the f i r s t  power of the gearing 
ratio. The fifth te rm is the hinge moment due to the angle of attack at  the flap (or the 
angle of attack of the airplane). The sixth t e rm is the inertial  t e rm due to the .pitching 
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acceleration of the airplane. This t e rm was not included in the analysis of reference 4, 
probably because of its small  influence. It should be noted that this t e rm arises even 
though the flaps (as well as the vanes) were  assumed to  be mass  balanced. The fact that 
the flaps and vanes were m a s s  balanced explains the absence of any t e r m s  proportional to 
the normal acceleration of the airplane. The seventh t e rm is due to the loading spring 
being stretched when the flap is at zero  deflection. For a constant torque spring (that is, 
one with a zero  gradient but with a constant torque independent of flap position), this term 
remains but the Ks t e rm in the stiffness te rm goes to zero.  The constant torque spring 
was the case considered in reference 4. 

The angle of attack a t  the wing a! is equal to the t r immed angle of attack of the 
airplane plus the perturbation angle of attack due to motion of the airplane plus the gust-
induced angle of attack, The angle of attack at the vane was assumed to be equal to the 
angle of attack of the airplane plus three te rms .  The first added t e rm was an induced 
angle of attack due to the pitching ra te  of the airplane and the fact that the vane may not 
be on the airplane's center of gravity. The distance from the vane to the center of gravity 
w a s  1,: The second added te rm was due to the pilot's control linkage which changes the 
incidence of the vane so he can change the airplane's flight-path angle by using the ele
vator. The constant m' was the gearing ratio between the elevator deflection and the 
vane incidence. The third added t e rm was a te rm by which the pilot tr immed the whole 
system to zero hinge moment. It follows that at  the tr immed flight condition, 6, = 6f = 0; 
thus, 

Static Alleviation Factors 

The static alleviation factors  are a measure of the amount of alleviation produced 
by the system as the angle of attack o r  velocity changes slowly (quasi-static changes) 
about the tr immed flight condition. These factors ignore the dynamic response charac
ter is t ics  of the flap-vane system and the airplane. By using equation (Al) the E,, if, 
and e t e rms  are dropped. Also, by considering a control-fixed situation, the 6, and 

t e rms  can be combined so that equation (Al)  reduces to 

where 
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@I = "6, + i 

= @trim 

Solving for the flap deflection 

Taking the partial derivatives yields 

- _  
av 2(ipV2SfcfCh6f .s) 

To determine the amount of quasi-static alleviation, these derivatives must be compared 
with those that would be necessary to maintain the lift constant. The derivatives for  the 
constant lift conditions can be derived from the lift equation as follows: 

L = - p v  s CL,a! + cL6f6f); 2 (  

If lift is a constant, 
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But CL = -;thus,
1pv2s
2 

The static alleviation factors  are defined as the rat ios  of the actual changes in flap deflec
tion given in equations (A4) and (A5) to  the changes which would be required to  maintain 
constant lift as given in equations (A6) and (A7): 

- - cL6f(i  Pv2sfcfchCY)aa! -

KV = a6rl L=Constant 
.La(+ PV2%cfCh6f i-K ~ )

aCY 

It should be noted that K as used in equation (IC)is equal to -6f /a  in the steady-
state controls-fixed situation where CY = a0 + cyg. Since 6f is assumed to be zero  when 
Q! is zero,  -Sf/a, is equivalent to the definition for  K, -A6f/Aa!. The latter expression, 
-A6f/Aa!, is in turn equivalent to  the partial  derivative -a6f/aa! since 6f is a linear, 
first-power function of CY.This last equivalency along with equation (A8) determines the 
relationship between KV and K 
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When KV = 1, the alleviated lift-curve slope is ze ro  whereas at a value of zero the 
alleviated lift-curve slope is the same as the unalleviated case. Thus, KV is a con
venient normalized measure of the quasi-static alleviation. 

It can be shown by algebraic manipulation of equations (A8) and (A9) using the 
substituted values for atjf/acr, etc., that 

KH = Kv(2) 

or 

-K - K (
KO + qfCh,i ) 

by assuming trimmed flight conditions, 6, = 6f = 0, and that 

The first assumptions are not restrictive, and the last assumption merely s ta tes  that the 
vane contributes more of the hinge moment due to angle of attack than the flap. The latter 
assumption, where the small  Chaf te rm has been omitted, should lead to no more than 
an e r r o r  of a few percent. 

The physical interpretation of equation ( A l l )  is as follows. First ,  there can be no 
horizontal alleviation unless there is vertical alleviation. Secondly, the horizontal allevi
ation will be exactly equal to the vertical  alleviation if the angle of attack of the vane is 
equal to the angle of attack of the airplane. This case was treated in reference 9 for a 
spring with zero  gradient. Thirdly, the horizontal alleviation is zero (even when KV is 
not) if the angle of attack of the vane is zero. If the angle of attack of the vane is not 
zero, the resultant hinge moment due to lift on the vane must be balanced by a spring in 
order  to  maintain the flap deflection at  zero. As can be seen from equation (A12) this 
spring force K, leads to the horizontal alleviation capability. It is interesting to note 
that whether the spring has  a zero  gradient or  not is not important because Ks does not 
appear in equation ( A l l )  or  (A12). 
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Flap Dynamics 

An alternate, simplified form (used in  eq. (IC))of equation (Al) is 

where the Laplace t ransform variable has been introduced and the velocity has been 
assumed to be constant. Trimmed conditions (eq. (A2)) are used to eliminate the static 
t e rm and the following definitions are used: 

. 

4
lr = 

If + Y21v 

and the t e rm K has already been defined (eq. (A10)). 
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Parameter  Influence on Flap-Vane Response Characterist ics 

As shown in the text, the amount of alleviation can be greatly increased by rais
ing the natural frequency of the flap-vane system. The obvious way to increase the fre
quency is to reduce the inertia of the flap, linkages, and vanes. The question was, then, 
how could the flap natural frequency be increased if it is assumed that the inertia of the 
system has already been minimized subject to structural  limitations. A short  analysis 
was, therefore, made to determine the relationship between some fundamental flap and 
vane parameters and the resulting natural frequency. The damping ratio of the flap-vane 
system must be considered simultaneously since a low damping ratio accentuates the air
plane response at the flapping mode frequency because of the reduced damping of the 
characterist ic roots for the flap mode. 

The natural frequency and damping ratio of the flap-vane system a r e  given by the 
following formulas: 

w n =  p z G K s
Inertia 

Dampin 

r =. 2wn 

These response characterist ics were determined subject to the constraint that the static 
vertical gust-alleviation factor remained constant. A simplified form of KV w a s  taken 
to be 

Vane effectiveness( Stiffness ) 
Flap effectiveness 1cLa 

where the vane effectiveness is the amount of lift o r  hinge moment produced by the vane 
for a given increment in angle of attack, and flap effectiveness is the amount of lift pro
duced by the flap for a given flap deflection. In order  to determine some general relation
ships between the response characterist ics and certain flap-vane parameters,  a number 
of simplifying assumptions were made. First ,  it was assumed that the stiffness of the 
system was  due entirely to the flap aerodynamic hinge moment (no loading spring) and 
that the hinge moment varied with flap span and flap chord squared, 
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where Ch
6f 

is dependent on gap sealing, hinge location, and other factors. The varia
tion with flap chord squared approximately matches the experimental data (ref. 10). The 
second-assumptionwas that the inertia was due entirely to  the vane and that the vane 
inertia varied as the fifth power of the vane span 

Inertia y 2 5  ( A mbv 

The square of the gearing rat io  appears because the vane inertia was reflected back to 
the flap axis through the gearing ratio. The fifth power of the span appears  as a resul t  
of assuming that the aspect ra t io  is constant and that the thickness of the vane skin 
increases  in such a way as t o  maintain constant fiber stress. 

The third assumption was that the damping was due entirely to the vane's motion. 
The resulting theoretical damping for a constant aspect ratio using simple s t r ip  theory 
was 

Damping y 2 4  (A191bv 

The fourth assumption was that the vane effectiveness was proportional to the third power 
of the vane span; that is, 

Vane effectiveness ybv3 (A201 

The formula ybv3 is also a consequence of the constant vane aspect ra t io  assumption. 
The last assumption was that the flap effectiveness varied as follows: 

Flap effectiveness a CL 6f b f f i  (A21) 

The assumption that flap effectiveness var ies  with the square root of flap chord approxi
mates  experimental data (ref. 10). 

By substituting equations (Al'i'), (A20), and (A21) into equation (A16), a relationship 
for  the variation of the gearing ratio y required to maintain constant static alleviation 
can be determined 

Ch6fcf 3/2 
y E-
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where C L ~and Kv have been absorbed in the proportionality. Substituting equa
tions (A17) and (A18) into equation (A14) yields 

Substituting equation (A22) to  maintain constant static alleviation resul ts  in the final 
desired result 

It, therefore,  seemed that an effective flap with a low hinge moment, short  chord, and a 
long span would produce the highest response system. A vane with as large a span as 
possible would also increase the overall response. Substituting equations (A18), (A19), 
and (A23) into equation (A15) yields the damping ratio relationship 

Comparison of these last two equations shows that some compromise must be made 
between damping ratio and frequency response since all the parameters  are inverted in 
the second equation; that is, the higher the natural frequency, the lower the damping ratio. 
This relationship is especially t rue for the vane span which appears to the third power 
under the radical for the damping ratio. Another consideration in the design besides 
natural frequency and damping ratio is the gearing ratio. It must be near unity to limit 
the s t r e s s  in the linkage. 
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UNSTEADY LIFT EFFECTS 

The unsteady lift representation used herein is described. The functions used 
approximate the curves  shown in references 11 and 12 and are given for comparison 
with equations (1). The Z-force equation is considered first. The symbols used in  this  

appendix (wn, c, a, etc.) apply only to the unsteady l i f t  functions and have no relation to 
the corresponding symbols in  the main text. 

-a. Terms 

The Go t e r m s  in equations (1)were 

whereas those for the unsteady lift representation were 

3c + CZawO . ~ ~ C Z ~ ~ ( ~ ) Ss 2 ( C )  + s2 
- A)a + C2cw, + s Bwn2 + Cw,’ + ( C  - + ( C  - A)wn2a 

+ 3 I 
(%)s f 1.0 (s2 + ~ < w , s  + w,’)(s + a )  

The f i r s t  t e rm is the lift on the wing due to the plunging motion. A sketch of the time-
history response of this  t e rm for a step input of unit magnitude is given so that charac
ter is t ics  of the function will be more apparent. The mathematical equations for  this  
response are also given. 

Equations (1) 
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Unsteady lift 

CZ 


CZ,, 

0.64Cz 
,W 

-
0 Time 

where us(t) is the unit s tep function defined by 

us@) = 1 (t 2 0) 

The second Go t e rm is the lift on the tail due to plunging motion of the airplane. It con
sists of a lift due to plunging motion of the tail and lift due to downwash from the wing 
which a r r ives  at a t ime Ic/V later.  Before the downwash is established, however, an 
upwash due to the shed vortex from the wing produces a lift in the opposite direction of 
the downwash (same direction as lift due to plunging motion of tail). The response of the 
second t e rm in the model of equations (1) has an infinite pulse at time zero for a step 
input due to the s term. The time-domain representations are 
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Equations (1) 

-
0 Time -

where 6(t) is the unit impulse function defined by 

6(t) = 
6(t) = 0 

Unsteady lift 
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where 

C$ = tan- 1 \I1 - P2 
P 

-A + B + C = 1 	 a� 
act 

B = 1.25A 

C = 0.75 

on = 35 

< = 0.7 

a = 40 

8 Terms 

The i t e rm in equations (I)was 

whereas that for the unsteady lift representation was 

-Ct s + 1.0
V 

This t e rm is the lift on the tail due to pitching motion of the airplane. It was assumed to 

be of the same form as the Czaw t e rm used before because the tail can be considered 
to be plunging when the airplane pitches small  amounts at a given pitch rate.  The t ime 

constant ct/V and the value at t ime equal to zero were slightly different because of 
the difference in the chord and aspect ratio of the tail as compared with that of the wing. 

Ef Terms 

The if t e r m s  in equations (1)were 
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whereas those for  the unsteady lift representation were 

(E). + 
( s  + a)(s2+ 2<wns + wn2)+ 1.0 

The first te rm is lift on the wing due to flap deflection and is exactly the same form as 
the C z  term.  The second t e rm is the lift due to the flap downwash on the tail  which 

@W
is also assumed to have an upwash t e rm because of the passing of the shed vortex off the 
flap. However, the initial value is zero  rather  than a constant for  the Go term.  The 

r, - time-domain relationships are 

Equations (1) 
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Unsteady l i f t  

Time 
. .- --

where 

A =  -4 

B = -5 

w, = 35 

( = 0.7 

a = 40 

-
ag T e r m s  

The Cyg t e r m s  for equations (1) were 
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whereas those for  the unsteady lift representation were 

-Cz,, + (;-$" )
CZat  + 

["-Aa) + s ( B w 2  + 2Aacwn) + (Bw2a  - Aw2a) aE 

3 c-
4 v  
-s + 1.0 -s + 1.0 (s2 + 2cwns + con2)(, + a) 1aa? Cz,t 

The first t e rm is the lift on wing due to  penetration of the gust. The time-domain 
relationships for  a s tep gust penetration are as follows: 

Equations (1) 

Unsteady lift 

C Z  

cz@w 

/ L 

Time 

41 




- - - - -  

APPENDIX B 

The second t e rm is the transport  lag t e rm which accounts for  the fact that the gust 
reaches the tail at a later t ime than it reaches the wing (which is used as the reference 
point). The t ime -domain relationships are as follows: 

Equations (1) 

-CZ 

CZat 

-
Time 

-CZ 

Czat 

0 lc /V Time 
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The third t e rm is the wing downwash t e rm which also has  a transport  lag. Although it 
could have been represented with a transport  lag te rm like the second term, a form like 
that for the second t e rm was used in order  to  account for the shed vortex. The

PZ6f), 
parameters  a, on, and < were picked so that the function crossed back to  the positive 

side at t =E. This was done to  account for the passage of the vortex shed off the wingv 
as it penetrated the gust. The values were 

A = 4  

B = 5  


on = 35 

[ = 0.7 

a = 40 

The pitch equation follows a similar approach, the only change being that Cm 
a!W’ 

(cm6f)w’ 
and Cm 

at 
are substituted for C z  

a!W’ @f), 
, and C z  

a!t’ The flap equation 
-

had only two unsteady lift t e r m s ,  o0 and ‘Yg, which had the forms of Czaw for 

plunging and penetration, respectively. The time constants and the initial value were 
selected for the chord and aspect ra t io  of the vane. 
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TABLE 1.- CHARACTERISTICS OF AIRPLANE 

[Tunnel determined values are for a! = 0, 6f = 0, and center of gravity at 0 . 2 8 ~ .  
Values used in  ref. 4 are in parentheses] 

CZaw = -4.765 * 0.188 CmaW = 0.203 * 0.0209 

= (-5.07) = (0.203) a 

Czat  = -0.664 i 0.029 Cmat = -1.948 * 0.015 

= (-0.66) = (-1.94)b 

(Cz6JW = -1.073 + 0.076 (Cmaf), = -0.164 * 0.015 

= (-1.03) = (-0.352)' 

( C Z ~ ~ ) ~= -0.304 + 0.011 ('mge 
)t = -0.962 + 0.039 

= (-0.429)d = (-1.26) 

%- = 0.276 * 0.0025 a' - 0.098 + 0.0086 
a a  a6f 

= (0.37) = (0.15) 

1 = 2.934 + 0.061 2, = 0 

p = 1.05808 kg/m3 V = 59 m/sec 

c = 1.48 m S = 16.26 m 2 

ky = 1.3 m ir = 0.063 

m = 1000 kg 

aNot given directly in reference 4. Calculated by using Cz,, for 
present center of gravity and assuming the aerodynamic center of the wing 
fuselage was at 0 . 2 5 ~ .  

bNot given directly in reference 4. Calculated from Cm which was 
was due entirely to  the tail and 

q
a tail lengthgiven, and assuming that C mq

of 2 .94~.  
Extrapolated to  present center of gravity (0 .28~) .  

dNot given directly in reference 4. Calculated f r o m  (Cm6e)t which 
was given, using tail length of 2 . 9 4 ~ .  
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TABLE 11.- OUTLINE OF TYPE OF CALCULATIONS USED AND SUBJECTS STUDIED 

Type of calculation 1 

Frequency Elevator 

Subject Root Frequency response Power Time history Time history Static position 
locus response for for elevator spectra for step for step

gust input input gust input input elevator stability for trimmed 
flight 

Unsteady lift X X I 

effects 


Experimental X X I 


X X I X 


Flap natural X X I 

frequency and 
damping 

Center -of -gravity 
location 

Passenger 
location 

Flap-elevator 
inter connect 

Pitch-damper 

Handling 

characteristics 


X I 


X I 


X I 


X X X X 




TABLE 111.- VALUE OF PARAMETERS USED IN STICK-FIXED 

HANDLING CHARACTERISTICS CALCULATIONS 

a Chdf = -0.5 a Ks = -375 N-m/radPhe= -3*0  

b m o  = 0.075429 a t r im  -- 3.57O m'  = 0.616 1
J 

KH KO, N-m 

0 0 -3.57 
.75 260 0 

1.00 34 7 1.19 
1.50 I 520 3.57 

.. -~ - -_~.-

a These values result  in a static vertical alleviation factor of 
KV = 0.75 a t  the t r immed flight condition V = 59 m/sec. 

This value resul ts  in the dde/dCL for steady accelerated flight 
being equal to that of the basic airplane. 

At the tr immed flight condition V = 59 m/sec. 
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Flap (deflected position) 

- --- - - - - -. I . 
_ _  --- - - - i  3c I- -. -. . ;.- .. 

'- - _I I ' r - . - - - t - - - - - '  

(chordwise pivot) 

Loading spring 

Stick 

U 

Pibt control linkage 2 
Vane incidence 

(spanwise pivot) 

\ 

Front view 

FlapE--Flap-vane linkage /T 

/ 
/' 

Side view 

Figure 1.- Schematic representation of gust-alleviation system. 



Flap-elevator linkage 

Flap-elevator interconnect Fixed pointm 

Pitch rate damper 

Figure 2. - Schematic representations of flap-elevator interconnect 
and pitch rate damper systems. 

49 




-Alternate vane position 

(a) Three-view drawing of model. A l l  dimensions are in meters.  

Figure 3 . - Three-view drawing of model and detailed views of 
vane and flap. 
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Balance weight \ 
I 4 

2.67 
-

8.89 pivot axis 

t ,7.78 

Vane 

Hinge line-

:  1 

Flap 

(b) Detailed views of vane and flap. All dimensions are in centimeters. 

Figure 3. - Concluded. 



L -74-83 15 

Figure 4.- 1/6-scale 	model mounted in Langley low-speed tunnel with 12-foot (3.66-meter) 
octagonal test  section. Vane mounted at 0 . 8 0 ~ .  



L-75-6252 
Figure 5. - Mechanical linkage between vane and flap showing holes in bellcrank used to vary mechanical 

cn gain between vane and flap. Vane located at 0.26~. 
W 



-4 0 4 

a I deg 


Figure 6. - Longitudinal aerodynamic character is t ics  of basic model for 
several  flap deflections. 
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CL 
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CD 
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Figure 7.- Longitudinal aerodynamic characterist ics of basic model for 
several  elevator deflections. 

55 



16 

Figure 8. - Longitudinal aerodynamic characterist ics of model wing-fuselage combination 
(horizontal tail removed) for several  flap deflections. 
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a,deg 

Figure 9. - Longitudinal aerodynamic characterist ics of model fuselage-tail 
combination (wing removed). 
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-4 0 4 8 12 16 

a,kg 

F'igure 10.- Longitudinal aerodynamic characterist ics for  model fuselage 
(wing and horizontal tail removed). 
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Figure 11.- Calculated lift and pitching-moment coefficient variations 
with angle of attack for  model wing-fuselage combination for 
several  flap deflections. 
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Figure 12. - Calculated lift and pitching-moment coefficient variation 
with flap deflection for  model wing-fuselage combination for 
several  angles of attack. 
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Figure 13. - Calculated variation of lift and pitching-moment 
coefficients with elevator deflection for basic model for 
several angles of attack. 
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0 Model with vanes and flap fixed 
0 AI leviated model, y = I .O 

I 

-I .4 

-1.2 

-1.0 

-.8 

" .6

4

-.2 

c D  0 

--.2 

I 1 I 1 I I 1
-4 -2  0 2 4 6 8 IO 12 14 16 

a ,deg 

Figure 15. - Static effects of alleviation system on model characterist ics.  
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-20 - I  0 0 IO 20 -20 -10 0 IO 20 

Sf, deg 6,,deg 

(a)Vane located at 0 . 8 0 ~ .  (b) Vane located at 0 . 2 6 ~ .  

Figure 16. - Hinge-moment coefficients of combined flap-vane system for two longitudinal locations of vane. 



0 Unsteady lift 
0 Equations ( 1 )  

=O 


Flap roots 

\ /  

K,=I.O 

Short-period roots 

-12 -I  0 -8 -6 -4 -2 
u,rad/sec 

Figure 17.- Comparison of characterist ic roots obtained from unsteady lift 
equations and from equations (1). 
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31 

30 

201 


0 

Equations( I ) 
-	 Unsteady l i f t  in Z-force equation orJy 

Unsteady l i f i  inZ-force and pitch equations 

1 I 

I O  2 0  30  40 

w,rad/sec 

(a)Basic airplane. 

Equations( I 

Unsteady l i f t  in Z-force equation only 

Unsteadylift in Z-force ond pitch equations 

only 


-Unsteady lift in Z-force,pitch,ond flap 
equations 

10 2 0  30 40 

w.rod/sec 

(b) Alleviated airplane. KV = 0.75. 

Figure 18. - Comparison of normal acceleration frequency response 
for different levels of unsteady lift representation with a gust 
forcing function. 
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I 
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u,rod/sec 

(a) Short-period roots. 

Nominal psd KV= 75 1329 
232;dc/da= 301 1309... --haw= 

(b) Normal acceleration. 

Figure 19.- Variability of resul ts  due to experimental uncertainty in 
tunnel -deter mined aerodynamic parameter s. 
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= .5 

I I I I 
-6 -4 - 2  

r,radlsec 

Figure 20. - Locus of short-period roots  for variations of 
static vertical  alleviation factor, flap-vane natural 
frequency, and damping ratio. 

68 



--- -- ---- 
--- 
---- 

I6 -	 .Kv Static A&/Aa
.25 1.30 
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.75 3.9I 

I .oo 5.21 
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Figure 21. - Flap frequency response for different levels of Static vertical 
alleviation factor with a gust forcing function. 



Root mean squore 
&sic airplane ,1959 _ _  _ _  _--.-- ,1679- K,=.25 
Kv=.50 .143g 
K,=.75 ,1329 
K,=.85 ,1359 
K,=1.00 ,151 g 

I 
20 

w, rad/sec 

(a) Normal acceleration. 

Root mean sauore 
EOS~Cowplone 0357 rod/sec 

-.--.--...K,= 25 0436 rodlsec 
K, = 50 0541 rad/sec 
K, = .75 0681 rod/sec 
K, = .85 0751 radlsec 
K, =lo0 0877 rodlrec 

1 I 
10 20 

w,rad/sec 

(b) Pitching rate. 

Figure 22. - Power spectra of normal acceleration and pitch ra te  
for  different static vertical alleviation factors. 
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Figure 23.- Time-history responses to 1' step gust inputs at t ime ze ro  
for different static vertical  alleviation factors. 
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u r a d l s e c  

(a) Effect of flap natural frequency. 

Rwt meon s w o r e  

~ Earc o~rplone 1959 
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Figure 24. - Normal acceleration power spectra for different 
flap-vane natural frequencies and damping ratios. 

72 


I 




-- - - - - 
Root mean square 

Basic airplane . I  959 

--
c.g.= , 2 0 6 ~  . I  279 


___- c.g.= , 2 8 0 ~  ’. I329 

-c.g.= .370c . I 4 2 9  

Figure 25. - Normal acceleration power spectra for different center-of -gravity 
(c.g.) locations with KV = 0.75. 
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Figure 26. - Normal acceleration power spectra  for different passenger locations 
with respect to center of gravity. 
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Figure 27. - Power spectra  for different gains of 
flap -elevator interconnect. 

75 



- - 

Root mean square 
Basic airplane .I959  
0.00 ,1329 
0~0.5 .I299 
a=I.O ,1289 
az2.0 .I289  

-_ _  _ _  _ _ _-

I 
0 IO 

w, rod/sec 

(a) NormaI acceleration. 

I 
20 

Roof mean square 

----.- -
Basic airplane 0357radkec 
0.00 E81rad/sec 
0.0 5 06 IOrod/sec 
a=l 0 0565radkec 
0.20 0519 rod/sec 

I I I 
0 10 2 0  

w ,rad /sec 

(b)Pitching rate, 

Figure 28. - Power spectra for different gains of pitch-rate damper systems 
with a pitch damper natural frequency of 10 rad/sec. 
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(b) Pitching rate. 

Figure 29. - Power spectra  for  different natural frequencies of pitch-rate 
damper system with a pitch damper gain a equal to 1.0. 
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Figure 30. - Normal acceleration frequency response for different levels of static vertical 
alleviation factor with an elevator forcing function. 
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Figure 31.- Initial time history response to 1' step 
elevator inputs at time zero  (velocity assumed 
constant). 
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Figure 32.- Trimmed values of elevator, flap, and angle of attack for  
different levels of static horizontal alleviation factor KH with 
KV = 0.75 and m' = 0.616. 
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